cles are inclined to form agglomerates which can be extremely difficult to break up into individual species and to disperse uniformly inside the polymer matrix. The presence of such agglomerates impedes the efficient transfer of the beneficial properties of the filler related to its nanoscopic dimension to the host polymer, leading to 'nanofilled materials' with properties comparable to traditional microcomposites [4] . In the light of previous considerations, it is clear that controlling the dispersion of nanoparticles inside polymer matrices is crucial to fully exploit the potential of polymer nanocomposites. In this sense, the using of suitable compounding technique is strictly required [5] . Various approaches have been proposed to manufacture well dispersed INP-based polymer nanocomposites. Chemical modification of the nanoparticle surface, polymer-particle compatibilizing agents, in situ INP synthesis and/or polymerization are examples of possible strategies which have revealed to be effective in attaining a homogeneous filler dispersion [6] [7] [8] . However, the compounding approach for the large scale production of PNCs typically involve unmodified nanoparticles which are directly incorporated in the polymer matrix, either in the melt or in solution. Melt mixing is the most time-and cost-effective technique, but it requires that the filler is used in powder form. Although produced in the nm-range and with a narrow size distribution, such kind of dry nanoparticles have the tendency to fuse together forming stable aggregates, suffering from further agglomeration during handling and/or storage [9] . The immediate advantage offered by solution mixing is a better filler dispersion [10] . In this case the nanoparticles are in the form of colloidal dispersion, in which almost exclusively isolated primary particles are present. The major con of solution mixing is that it requires that the polymer matrix is dissolved in the same solvent of nanoparticles or in a medium soluble with them. Unless often unaffordable chemical modifications of the particle surface are made, the feasibility of solution mixing is hence limited to suitable polymer-particle pairs, and to polymers which are soluble in solvents of common use, thereby excluding, for example, polyolefins. In the present work we deal with the challenging task of dispersing hydrophilic nanoparticles in a hydrophobic matrix. In particular, PNCs based on high density polyethylene (HDPE) filled with zinc oxide (ZnO) nanoparticles are prepared by means of a novel template-based approach, which capitalizes the high degree of filler dispersion of solution techniques eluding the issues related to the needing of specific solvents for the polymer. The ability of the proposed strategy to effectively entrap hydrophilic nanoparticles in a hydrophobic polymer matrix is the result of a judicial selection of the materials and compounding procedures. The state of dispersion and distribution of the filler is compared to that of PNCs prepared by conventional melt mixing.
Experimental 2.1. Materials
The polymers are high density polyethylene (HDPE, code 427985, Sigma-Aldrich, Milan, Italy) with melt flow index MFI 190°C/2.16 kg =12 g·min -1 and poly (ethyleneoxide) (PEO, code 181986, Sigma-Aldrich, Italy) with molecular weight M v = 100 kDa. A montmorillonite organo-modified with dimethyl dihydrogenatedtallow quaternary ammonium salt (Cloisite ® C15A, Southern Clay Products, Gonzales, Texas, USA) was used to refine the morphology of the polymer blends. C15A has an organic content of ~43% and a mass density of 1.66 g·cm -3 . Unfunctionalized, almost spherical zinc oxide nanoparticles were produced in the form of dry powder by microwave-assisted synthesis [11] , with average dimension of the primary particles of 32 nm, specific surface area of ~36 m 2 ·g -1 (BET method) and mass density of 5.21 g·cm -3 . Two colloidal suspensions of zinc oxide nanoparticles were purchased from Sigma Aldrich: a waterbased dispersion of particle of size <100 nm (50 wt% of ZnO, code 721077) and a dispersion of particle of size <110 nm in butyl acetate (40 wt% of ZnO, code 721093).
Nanocomposite preparation
Two series of nanocomposites at different filler content were prepared using different compounding procedures. The samples classified as 'MM' were prepared by a two-step melt mixing route. Specifically, a masterbatch of HDPE at high content of dry ZnO nanoparticles (particle weight percentage ! ZnO~7 wt%) was prepared using a co-rotating conical twin-screw micro-compounder (Xplore, DSM). The resulting sample was then diluted by melt mixing with neat HDPE to adjust the composition. The extrusions were all performed at 150°C in Luna et al. -eXPRESS Polymer Letters Vol.8, No.5 (2014) [362] [363] [364] [365] [366] [367] [368] [369] [370] [371] [372] nitrogen atmosphere at a screw speed of 200 rpm, corresponding to average shear rates of ~75 s -1 . Finally, the specimens for the subsequent analyses were obtained by compression molding for 3 minutes at 150°C under a pressure of ~100 bar. The unfilled HDPE used as reference material was processed in the same conditions. The second class of samples, classified as 'TB' (template-based), was prepared by a novel approach in which a polymer scaffold is used as template. The basic steps are sketched in Figure 1 . First, a HDPE/ PEO blend (50/50 wt%) filled with C15A (! C15Ã 1.5 wt%) was prepared by melt mixing at 150°C in nitrogen atmosphere ad at a screw speed of 100 rpm, corresponding to average shear rates of 50 s -1 (step a) in Figure 1 . The constituents, dried overnight under vacuum at 50°C, were simultaneously loaded and melt compounded in the extruder. Disk-shaped specimens were obtained by compression-molding at 150°C for 3 minutes under a pressure of ~100 bar. Then, the disks were immersed in deionized water for approximately 3 weeks under stirring to extract the PEO phase from the samples (step b). The two as-received dispersions of ZnO nanoparticles in water and butyl acetate were diluted with pure solvents until reaching a filler concentration of ~4 wt%. Then, the extracted, PEO-free disks were dipped in the dispersions under stirring to allow the ZnO to penetrate inside the microporous HDPE scaffolds (step c). After 2 weeks the samples were collected and dried under vacuum until a constant weight was reached. The TB approach led to porous samples, which were finally compacted at 150°C in a vacuum oven under low pressures (~0.1 bar) to obtain dense samples (step d). HDPE-based nanocomposites filled with C15A (! C15A~1 .5 wt%) and with the same amount of ZnO nanoparticles as those obtained by the TB approach were prepared by simple melt mixing and used as reference to assess the effectiveness of our compounding technique.
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Characterization
Differential scanning calorimetry was performed under nitrogen flow using a Q20 DSC apparatus (TA Instruments). The samples were first heated from room temperature up to 170°C, then cooled down to 25°C, and finally heated again. Each step was performed at a rate of 10°C min -1 . The crystallization temperature (T c ), onset (T m,onset ) and peak melting temperatures (T m,peak ) and melting enthalpy ("H f ) were recorded. The degree of crystallinity (! c ) of the HDPE samples was obtained by dividing the "H f of the first heating scan by the melting enthalpy of a 100% pure crystalline HDPE sample, taken as 293.1 J·g -1 [12] . The tensile properties were estimated at room temperature and humidity using an Instron machine according to ASTM test method D882. The specimens were cut from compression-molded sheets. The samples, stored at room temperature and humidity, were tested at 25 mm·min -1 up to a strain of 2%, then the speed was increased up to 50 mm·min -1 until break. The Young's modulus (E), tensile strength (" max ) and elongation at break (# break ) were recorded. The data reported are average values obtained by analyzing the results of eight tests per sample. The permeability to oxygen (P O 2 ) and carbon dioxide (P CO 2 ) were measured at 30°C and atmospheric pressure using a constant volume-variable pressure apparatus. Thermogravimetric analyses were performed using a Q5000 TGA apparatus (TA Instruments). The samples were heated up to 700°C at 10°C·min -1 in nitrogen atmosphere. The actual content of filler in the PNCs was estimated as the residual weight at T = 700°C. Note that for the TB samples the actual content of filler was determined after each step of Figure 1 . The microstructure of the neat and filled HDPE/ PEO blends was investigated through scanning electron microscopy (FE-SEM, Ultraplus by Zeiss). The samples were cracked in liquid nitrogen and The static contact angle ($) of water and butyl acetate on HDPE films surface was estimated with an automatic video-based measurement of contact angle performed at room temperature and humidity by using a Theta contact angle T200-Auto (KSV/ Attension, Helsinki). Five #L of liquid were placed over the HDPE surface and the Young/Laplace method was used to calculate the static contact angle. Five independent measurements were performed for each liquid.
A stress-controlled rotational rheometer (AR-G2, TA Instruments) in parallel-plate geometry (diameter 25 mm) was used for the rheological analyses.
Oscillatory tests were performed at T = 180°C in a dry nitrogen atmosphere. Specifically, low-frequency (10 -1 rad/s) time-sweep experiments were carried out first. After the reaching of the steady state, the elastic (G$) and viscous (G%) shear moduli were measured as a function of mechanical frequency (%) in the linear regime, which was previously evaluated for each composition through strain amplitude tests. Dynamic mechanical analyses were carried out using a Tritec 2000 DMA apparatus (Triton Technology Ltd., Grantham). The elastic (E$) and viscous (E%) flexural moduli were measured as function of temperature in single-cantilever bending mode at a frequency of 1 Hz and with a total displacement of 0.02 mm, which is small enough to be in the linear regime. The sample bars (10&20&1 mm 3 ) were heated at 2°C·min -1 from room temperature.
Results and discussion 3.1. Melt mixing route
First of all, the impact of dry ZnO nanoparticles on technologically relevant properties of HDPE/ZnO nanocomposites prepared by a traditional melt mixing route has been investigated. Dispersing metal oxide nanoparticles in polymer media is a difficult task because of the large specific surface area of the filler and the incompatibility in surface characteristics with the matrix. Simply compounding polymer and dry nanopowders by melt mixing routes is often inadequate, although the high shear and elongational stresses during extrusion could break the clusters of primary nanoparticles reducing their average size. The minimum size of the aggregates depends on the applied stress and the composite Hamaker constant for two surfaces interacting through a medium [13] , being in any case much larger than the size of the single nanoparticle. A SEM micrograph of our dry ZnO nanoparticles is shown in Figure 2a , whereas a typical micron-sized aggregate suspended in the HDPE matrix of a MM sample is reported in Figure 2b . The negligible polymer-particle enthalpic interactions and the aggregated state of the filler are expected to not appreciably affect the macroscopic properties of the MM samples. First, possible effects of the particles on the crystalline structure of the host polymer have been investigated through DSC measurements. As summarized in Table 1 , whatever the content of ZnO nanoparticles is, the melting and crystallization behaviors remain almost constant. In addition, no evident changes are detected for the crystallinity, the samples sharing comparably high values of ! c (~50%).
Other technologically relevant properties of PNCs particularly sensitive to the state of dispersion of nanoparticles are mechanical and barrier properties. The results of the tensile and permeability tests are reported in Figure 3 as a function of filler content. Neither E nor " max appreciably change with respect to the unfilled matrix, whereas a drastic decrease of # break occurs with increasing ! ZnO . The detrimental effect on the elongation at break noticed in the presence of the filler is due to the presence of nanoparticle aggregates, which are sites where cracks initiate on and significantly lowering the ultimate properties of the material [14] . The barrier properties are also negligibly affected by the aggregated filler. The P O 2 and P CO 2 of our MM nanocomposites indeed slightly increase upon addition of ZnO nanoparticles, probably due to the scarce polymer-particle interfacial adhesion which enhances the overall free volume of the MM samples. Actually, scarce improvements in the mechanical and barrier properties of ZnO-filled nanocomposites have been reported even in case of good dispersion of the filler due to the low aspect ratio of the nanoparticles [15] . A more conclusive insight on the state of dispersion of the filler can be obtained through rheological measurements. In particular, linear viscoelastic analysis is an extremely sensitive tool to probe the material structure over various length scales, offering an integrated picture of composite samples with higher reliability of the results compared to other methods, based on the analysis of the mechanical and barrier properties, which are too sensitive to micron-scale inhomogeneity [16] . The time evolution of G$ at % = 10 -1 rad/s and the frequency-dependent moduli of neat polymer and nanocomposites at different filler content are shown in Figure 4 . Nanoparticles, either isolated or in the form of aggregates, may experience relevant Brownian motions in polymer melts provided that they are sufficiently small. Driven by particle-particle attraction, the filler flocculate in timescales which scale with the cubic power of the size of the aggregates [17] . Such structural rearrangements, if any, cause an enhancement of the elastic connotation during time, which eventually alters the relaxation spectrum in a characteristic way: both G$ and G% significantly increase at low frequency, the effect being more pronounced on the elastic component. It is important to observe that noticeable alterations are expected even for very low filler contents and poor polymer-particle affinity [18] . None of the rheological peculiarities of PNCs can be recognized in the MM, not even at relatively high ZnO contents. The behavior is rather reminiscent of that of conventional micro-compos- ites at low filler volume fractions, in which the particles are too big to move and rearrange in the melt and the volume of polymer perturbed by the filler is not sufficient to affect the overall relaxation spectrum [19, 20] . Although being a widespread route to distribute and disperse nanoparticles in the form of dry powders within polymer matrices, unless using targeted processing expedients, melt compounding is often inadequate in case of systems with very low polymerparticle affinity, such as the HDPE/ZnO nanocomposites considered here. Aim of the next section is assessing the effectiveness of an alternative compounding method, which exploits the advantages of solution techniques eluding the issues related to the needing of specific solvents.
Template-based approach
The underlying idea of the proposed TB method is to make a dispersion of well dispersed ZnO nanoparticles to penetrate inside a microporous HDPE scaffold obtained by selective extraction of a sacrificial PEO phase blended with the HDPE. A prerequisite is that the starting HDPE/PEO blend exhibits a co-continuous morphology, in which PEO forms a space-spanning framework that interpenetrates the HDPE. A blend composition of 50/50 wt%/wt% has been selected for this purpose.
Once the PEO has been extracted, the remaining HDPE scaffold is dipped in a stable dispersion of isolated ZnO nanoparticles, which will hopefully remain trapped inside the polymer. In order to optimize the process, the HDPE scaffold should contain a thick network of tiny channels, i.e. the starting HDPE/PEO blend should exhibit a microstructure as fine as possible. In such a way, the trapped nanoparticles will finely distribute inside the host matrix. On the other hand, the penetration depth of the ZnO suspension inside the channels, which inversely scales with their diameter, must be preserved to ensure a homogeneous distribution along the sample thickness. Conciliating these two opposite requisites is a challenging task, which we have addressed through a judicial selection of the materials. Adding plate-like nanoparticles to a polymer blend is a clever expedient to promote and stabilize fine co-continuous morphologies in immiscible polymer blends. Basing on recent results by our group, small amounts of C15A were used to refine the morphology of our blends [21] . The SEM micrographs showing the impact of the filler are reported in Figure 5 . C15A induces a drastic downsizing of the polymer phases, and the HDPE scaffold remaining after the removal of PEO exhibits an irregular porous microstructure much finer than that of the unfilled sample. Besides refining the morphology, the penetration of the suspension of ZnO nanoparticles inside the channels of the HDPE scaffold has to be ensured. For this purpose, wettability arguments are invoked. A good affinity between the liquid phase of the suspension and the polymer scaffold is required. The penetrating power of a liquid is equal to the distance which the liquid will penetrate a capillary tube of unit radius in unit time, when flowing under its own capillary pressure. Such a 'penetrativity' is also a function of the nature of the material composing the capillary and the liquid itself, being proportional to cos$, where $ represents the contact angle [22] . To verify the relevance of the nature of the liquid medium, two different ZnO dispersions, one in water and the other in butyl acetate, have been employed. The wettability of HDPE by the two liquids has been estimated by contact angle measurements, whose results are summarized in Table 2 (see also Figure 6 ). The water contact angle is greater than 90°, hence water cannot penetrate inside the pores of the HDPE scaffold by capillary action. In contrast, the value of $ <<90° of butyl acetate indicates a much higher propensity of this liquid to permeate the material. The EDS mapping of the fracture surfaces of the HDPE scaffolds confirm the presence of ZnO nanoparticles in the porous sample dipped in the butyl acetate-based suspensions. It is worth noting that the EDS analysis was performed in the center of the disk, meaning that the ZnO suspension effectively penetrates deep inside the HDPE scaffold. On the contrary, the water-based dispersion cannot access the inner parts of the sample due to the unfavorable contact angle, and no signal related to the filler was detected (Figure 7 ). More quantitative proofs of the presence of ZnO nanoparticles come from the TGA analyses performed on the HDPE scaffolds dipped into the two colloidal suspensions. As summarized in Table 3 , a residual is noticed at high temperature, i.e. after the volatilization of the polymer, in both samples. Taking the residual of the C15A-containing HDPE scaffold as the reference, more than 2 wt% of ZnO nanoparticles remains trapped in the sample dipped in the butyl acetate-based suspension, compared to little more than 0.5 wt% of the one immersed in the water-based suspension.
Once the ZnO nanoparticles have been trapped in the HDPE scaffolds, the porous samples have been compacted as described in the Experimental section. The forth step of the procedure depicted in Figure 1 determines the eventual space arrangement of the ZnO nanoparticles in the TB samples. EDS analyses were performed to localize the filler. The SEM micrographs of the TB and MM samples with the X-ray maps of the Zn are compared in Figure 8 . Although unable to overcome the strong cohesive forces which held together the primary ZnO nanoparticles within the aggregates, the MM route ensures a good distribution of the filler on micro-scale. On the contrary, the EDS mapping of the compacted TB Figure 5 . SEM micrographs of (a) the neat HDPE/PEO blend and (b) the blend filled with ' C15A~1 .5 wt%. For clarity, the cryo-fractured surfaces have been dipped in water to selectively remove the PEO phase. sample reveals an inhomogeneous filler distribution, with ZnO-rich micro-channels intercalated with ZnO-poor regions. This is in line with what we expected: the ZnO suspension can only penetrates the channels of the scaffold, but it cannot permeate their HDPE walls. As a result, micron-sized polymer domains devoid of filler will coexist with a continuous network of channels full of nanoparticles. Nonetheless, deriving from isolated ZnO nanoparticles firmly suspended in the liquid phase, the filler trapped in the TB samples is expected to be less aggregated than in the MM samples. Again, viscoelastic analysis is used as indirect and yet powerful tool to assess the state of dispersion of the particles. The time evolution of G$ at % =10 -1 rad/s and the frequency-dependent moduli of the TB nanocomposite at about 2 wt% of ZnO are shown in Figure 9 . Note that about 1.5 wt% of C15A remains trapped in the HDPE during the procedure to prepare the TB samples. A reference sample containing the same amounts of ZnO and C15A was then prepared by melt mixing and used for comparison. Neither the time evolution of G$ at low frequency nor the relaxation spectrum of the MM sample disclose the presence of the filler, confirming the ineffectiveness of the MM route in dispersing ZnO nano - particles within a non-polar matrix such as HDPE.
Even possible synergistic effects with a secondary filler such as C15A have to be excluded. On the contrary, the filler strongly affects the viscoelasticity of the TB sample. Specifically, the growth of the lowfrequency moduli reflects the structural rearrangements of the nanoparticles, which flocculate in the melt driven by attractive forces. Such particle mobility has to be ascribed to a finer dispersion of the filler which allows the smaller aggregates to experience the Brownian motions essential for the emergence of the peculiar pseudo-solidlike behavior of well dispersed PNCs. The relaxation spectrum of the TB sample collected at the end of the time scan is shown in Figure 9b . The moduli get flat at low frequency, with a prominent effect on G$ which increases of more than two order of magnitude with respect to the unfilled matrix despite the low amounts of filler considered. It is worth noting that similar alterations in the viscoelastic behavior cannot be found in the literature for HDPE-based nanocomposites unless performing modifications of the particle surface and/or adding suitable compatibilizers to reduce the chemical incompatibility between the polymer and the filler [23] [24] [25] . The viscoelastic behavior has been investigated also in the solid state by means of DMA ( Figure 10 ). Nanoparticles constrain the deformability of the amorphous fraction of HDPE in which they reside, improving the dynamic mechanical moduli. As DSC analyses exclude noticeable alterations of the crystalline structure of the HDPE (Table 4) , the dynamic-mechanical properties primarily reflect the quality of the filler dispersion. As in the melt state, the nanoparticles in the TB sample are much more effective in reinforcing the matrix. Again, the state of dispersion of the filler appears more important than its distribution on micron-scale in enhancing the macroscopic structural properties of PNCs. Finally, the tensile behavior of the TB samples has been investigated. The Young's modulus, tensile strength and elongation at break are shown in Figure 11 taking the neat HDPE as a reference. As consequence of the good particle dispersion, the modulus of the nanocomposite is noticeably higher than that of the matrix. However, such a strengthening is coupled with a remarkable loss in ductility, which reflects the inherent non-homogeneity of the sample. Specifically, besides the non uniform particle distribution, the ineludible presence of residual domains of PEO, which we estimate to be in the range 6-8 wt%, makes the TB sample obviously brittle. Such a drawback must be taken into account in the analysis of pros and cons of the TB approach.
Provided that a material embrittlement is passable, we argue that the proposed approach can be capitalized to impart specific functionality to the composite. As an example, using conductive fillers such as carbon nanotubes or graphene-based particles, very low percolation thresholds can be in principle attained, thus enhancing the electrical and/or thermal conductivity of the host polymer. A similar strategy underpins the double percolation concept, sometimes exploited in case of polymer blends with interfacially-located particles [26] . The latter condition can be difficult to realize, being dictated by cogent thermodynamic requirements. Differently, the TB approach in principle could result in low percolation thresholds in monophasic matrices irrespective of wettability considerations.
Conclusions
The efficiency of a novel template-based approach for the dispersion of hydrophilic nanoparticles within hydrophobic polymer matrices has been investigated using a system prepared by melt mixing as reference. The procedure envisages that a well dispersed ZnO nanoparticles suspension penetrates inside a microporous HDPE scaffold obtained by selective extraction of a sacrificial PEO phase blended with the HDPE. To finely distribute the nanoparticles inside the host matrix, two opposing requirements have been conciliated: (i) having a scaffold with a thick network of tiny channels and yet (ii) preserving the penetration depth of the ZnO suspension along the sample thickness. The goal has been reached through a judicial selection of the materials and the adoption of targeted expedients throughout the compounding procedure. Deriving from isolated ZnO nanoparticles firmly suspended in the liquid phase, the filler trapped in the microporous sample has resulted much better dispersed than in the melt mixed sample, and noticeable increases of the viscoelastic properties of the PNCs have been achieved. On the other hand, morphological analyses reveal ZnO-rich domains surrounded by ZnOpoor regions, indicating an inhomogeneous filler distribution on micron-scale. Despite a detrimental effect on the material ductility, the latter can be capitalized to minimize the amount of nanoparticles required to attain a certain improvement of functional properties. Although hard to scale up in an industrial context, our results demonstrate the possibility to realize spatially engineered polymer nanocomposites through the clever subtraction of volumes of materials where the nanoparticles can access in the course of the compounding. 
